I. INTRODUCTION
The shell structure is a fundamental aspect of quantum many-body systems. The particle orbitals in quantum many-body systems tend to form bundles separated by energy gaps between them as a consequence of spacial symmetry. These bundles of the particle orbitals are called "shells". When the particle orbitals in the valence shell are fully occupied, this system becomes particularly stable. In case of atomic nuclei, proton and neutron numbers of 2, 8, 20, 28, 50, 82 , and 126 at shell closure are known as magic numbers. These magic numbers in nuclei were theoretically explained by introducing the spin-orbit interaction [1, 2] . The concept of the magic numbers has been established experimentally from nuclear structural information such as binding energy, nucleon separation energy, energy of the first excited state, number of stable isotopes or isotones, and so on [3] .
In even-even nuclei, the neutron (proton) transition matrix element from the 0 
provides important insights into nuclear shell structures [4] [5] [6] . Considering the proton as a point particle, M p can be related to the reduced electric quadrupole transition rate B(E2; 0
) by the following relation:
B(E2; 0
There is no direct way to determine M n since no probe that is sensitive only to neutrons exists. To determine M n of a nucleus, one can either adopt M p of its mirror nucleus assuming charge symmetry, or disentangle M n from inelastic scattering cross sections using a hadronic probe such as proton or alpha particle, incorporating M p obtained from the B(E2; 0
value. In a naive collective model, where proton and neutron distributions are the same except the normalization factors, one expects the ratio M n /M p equal to N/Z where N is the number of neutrons and Z is the number of protons. However, when N or Z is a magic number, M n or M p is remarkably suppressed because the intra-shell excitation in the closed shell is forbidden. As a consequence, M n /M p deviates from N/Z as reported for stable nuclei in Ref. [5] . Therefore, the ratio M n /M p is of great importance to reveal nuclear shell structures.
With progresses on the techniques for providing radioactive isotope (RI) beams over the past few decades, numerous efforts have been made to deduce transition matrix elements in unstable nuclei . Among them, the highlights are the discovery of the enhanced M n /M p ratio and the suppression of M p in neutron-rich carbon isotopes. The M n /M p ratio in 16 C is as large as 3 [12, 17, 21] . This ratio is much larger than N/Z = 1.7. The reduced electric quadrupole transition rates B(E2; 0
16 C [13, 20, 21, 24] , 18 C [21, 25] , and 20 C [23] are small about 1.1-2.3 Weisskopf units (W.u.) which are comparable to those in proton closed-shell nuclei such as oxygen isotopes. These anomalies were considered as a result of a decoupling between proton and neutron in which their distributions deform differently [31] [32] [33] [34] .
The quenchings of M p in neutron-rich carbon isotopes can also be explained in the context of the recently pro-posed Z = 6 subshell closure [35] . If the Z = 6 subshell closure persists even in proton-rich nuclei, similar quenching of M p and/or a large M n /M p ratio is expected. Thus, experimental determinations of M n and M p in proton-rich carbon isotopes, for example 10 C are of importance.
The B(E2; 0 + 1 → 2 + 1 ) in 10 C had been known to be 9.6 ± 1.6 W.u. [36] . This value is not small compared to those in the neutron-rich carbon isotopes. In order to investigate whether the Z = 6 subshell closure persists in the proton-rich carbon isotopes, the M n /M p ratio should be determined. From an inelastic proton scattering experiment [14] , the M n /M p ratio in 10 C was found to be close to N/Z. This result is different from the expectation from neutron-rich carbon isotopes. The authors of Ref. [14] took the B(E2; 0
) value of 9.6 ± 1.6 W.u. from Ref. [36] in their analysis. A more recent lifetime measurement of the 2 + 1 state in 10 C, however, has reported a smaller value of B(E2; 0 [37] . It is therefore important and timely to revisit the M n /M p ratio in 10 C. To this end, we have selected the inelastic alpha scattering, which is an isoscalar probe, to determine M n in 10 C instead of the inelastic proton scattering.
In order to determine the neutron matrix element M n from the cross section of the inelastic hadron scattering, the Bernstein prescription: dσ/dΩ ∝ |b
is often used [4] . Here, b F n and b F p are external-field interaction strengths which reflect the effective interaction between an incident particle with proton or neutron in nuclei. In the case of the (p, p ′ ) scattering, the ratio b n /b p is phenomenologically determined. However, this ratio has a strong energy dependence varying from 3 to 0.83 in the incident-energy range of 10-1000 MeV [5] , and it also depends on nuclides. These dependences cause a serious model ambiguity in the determination of the M n /M p ratio from the (p, p ′ ) scattering. On the other hand, in the (α, α ′ ) scattering, the b F n /b F p ratio is always unity because of the isospin zero character of an alpha particle. Therefore, the (α, α ′ ) scattering is more suitable to deduce M n rather than the (p, p ′ ) scattering. In order to deduce M n from the measured cross section, distorted-wave Born-approximation (DWBA) calculations should be performed. Recently, the alpha inelastic scattering off the self-conjugate even-even nuclei from 12 C to 40 Ca was systematically measured [38] . The DWBA calculations using single-folding model potentials reasonably reproduce the measured cross sections, once the effective α-N interaction is determined to reproduce the alpha elastic scattering. Therefore, the cross sections of the elastic alpha scattering as well as the inelastic alpha scattering should be measured.
Since 10 C is unstable, the measurement must be done in the inverse kinematic condition. One of the best methods to measure the cross sections of the elastic and inelastic scattering in a single experiment is the missing mass spectroscopy in which the excitation energies of incoming nuclei are determined from energies and angles of recoil particles. Actually, the previous (p, p) and (p, p ′ ) measurement was performed using the missing mass spectroscopy [14] . However, it is not easy to apply the missing mass spectroscopy to the alpha inelastic scattering, especially at low momentum transfer of q ∼ 0.5 fm −1 where the differential cross section for the 2 + 1 state becomes maximum. Since the energies of the recoil alpha particles are only E α ∼ 1 MeV at q ∼ 0.5 fm −1 , it is almost impossible to detect low-energy particles by a conventional experimental setup.
To overcome the challenge of detecting low-energy recoil alpha particles, we have newly developed the MAIKo active target [39] . This system consists of a time projection chamber (TPC) which is a gaseous detector with three-dimensional reconstruction capability for charged particle trajectories. In the active target mode, the detection medium gas of the TPC is also used as the target gas. Since the reaction occurs inside the sensitive volume of the TPC, detection of low-energy recoil particles is possible.
In this paper, we report the measurements of the cross sections for the α+ 10 C elastic and inelastic scattering at the incident energy of 68 MeV/u. This is the first physics experiment with the MAIKo active target. The cross sections were measured at θ c.m. = 4
• -15
• which corresponds to momentum transfer of q = 0.4-1.4 fm −1 . The neutron transition matrix element M n in 10 C was determined and the M n /M p ratio was discussed.
II. EXPERIMENT
The measurement was carried out at the cyclotron facility of Research Center for Nuclear Physics (RCNP), Osaka University. A 10 C secondary beam was produced via projectile fragmentation using a 12 C 6+ primary beam at 96 MeV/u accelerated by the azimuthally varying field cyclotron and the ring cyclotron. The primary beam with intensities ranging from 50 to 100 pnA was transported to the exotic nuclei (EN) beam line shown in Fig. 1 , and incident on a 450-mg/cm 2 -thick 9 Be production target at the F0 focal plane.
10 C particles were separated from other fragments using the fragment separator at the EN beam line [40] [41] [42] by setting the appropriate magnetic rigidities in two dipole magnets (D1 and D2). To improve isotope separation, a 2-mm-thick aluminum degrader was placed at the first focal plane (F1). The 10 C beam was angular focused at the second focal plane (F2), which is a charge-mass dispersive focal plane, and further selected using a pair of collimators at F2. The selected 10 C beam was later transported to the third focal plane (F3), and injected into the MAIKo active target. Since the purity of 10 C was as high as 96% before MAIKo, event-by-event beam particle identification (PID) was not necessary in the present work.
The details of the detector setup at F3 is shown in the inset of Fig. 1 . The intensity of the beam was measured with a 1-mm-thick plastic scintillator (F3PL) placed downstream of MAIKo at F3. The typical beam intensity was 70 kcps. We placed two multi-wire drift chambers (MWDCs) before MAIKo for monitoring the profile of the incident beam. The distance between the two MWDCs was 600 mm, and the distance from the downstream MWDC to the entrance of MAIKo was 733 mm. The 10 C beam was horizontally collimated to ±10 mm by 10-mm-thick tungsten collimators before MAIKo. The angular spread of the 10 C beam was 15 mrad in horizontal direction and 6 mrad in vertical direction. The average energy of the 10 C beam was 68 MeV/u before the F3PL. Figure 2 shows the schematic view of the MAIKo active target. The TPC field cage has dimensions of 150 × 150 × 140 mm 3 . The angle from the beam axis and the kinetic energy of the recoil alpha particle are measured to determine the excitation energy of 10 C and the scattering angle in the center-of-mass (c.m.) frame. The recoil angle is determined from the reconstructed trajectory of the recoil alpha particle. The kinetic energy is determined from the length of the trajectory when the recoil alpha particles stop in the sensitive volume of the TPC. High-energy recoil alpha particles that escape from the TPC sensitive volume are detected by four silicon detectors placed outside the TPC. Each silicon detector has a sensitive area of 90 × 60 mm 2 , and its thickness is 500 µm. When a recoil alpha particle stops between the silicon detectors and the TPC, the recoil energy cannot be determined. Since the insensitive energy region depends on the gas pressure, the TPC was operated at two different gas pressures.
The TPC was operated with a He + CO 2 (4%) mixture gas at 500 and 1000 hPa. When the gas pressure is 500 hPa, alpha particles with kinetic energies E α < 1 MeV stop in the sensitive volume of the TPC, while alpha particles with E α > 4 MeV reach the silicon detectors. When the gas pressure is at 1000 hPa, alpha particles with E α < 3 MeV stop inside the TPC.
The TPC shared the same gas chamber with the MWDCs, and thus the TPC and MWDCs were operated using the same detection gas. The He and CO 2 gasses were individually supplied using two mass flow controllers to keep the mixing ratio and the flow rate constant. The total flow rate was set at 100 cm 3 /min. The pressure and the temperature inside the chamber were monitored using a diaphragm gauge and a Pt-100 thermometer, respectively. The gas density was determined from the pressure and temperature. The mixture gas was exhausted from the chamber using a scroll pump. A piezo valve was installed between the chamber and the pump. The aperture of the valve was automatically controlled to keep the gas density constant referring to the measured pressure and temperature. The density fluctuation was within ±0.2% throughout the measurement.
The red arrows in Fig. 2 present trajectories of an incident 10 C, a scattered 10 C, and a recoil alpha particle. The 10 C nuclei and recoil alpha particles ionize the gas molecules along their trajectories. The ionized electrons drift vertically along the electric field formed by the TPC field cage. The electric field was formed by applying negative high voltages on the stainless-steel cathode plate and the nickel grid mesh. The cathode plate and the grid mesh were kept at a distance of 140 mm by four pillars made of Macor ceramic. Field wires made of beryllium copper were doubly wound around the pillars with 5-mm intervals to make the electric field uniform. The electron drift velocity was set at 1.7 cm/µs for both 500 and 1000 hPa pressures.
After the drifted electrons pass through the grid mesh, the electrons are multiplied first through a gas electron multiplier (GEM) and then by a micro-pixel chamber (µ-PIC) [43] . The total gas gain of the GEM and the µ-PIC was measured to be about 870 in the operation at 500 hPa. The µ-PIC was also used to measure the position of the drifted electrons. The µ-PIC has a sensitive area of 102.4 × 102.4 mm 2 . It consist of 256 anode strips and 256 cathode strips which are arranged orthogonally. These strips are fabricated at 400-µm intervals. The signals induced by the electron avalanche are read out through the anode and cathode strips which provide the two-dimensional information of the particle trajectories. The vertical position of the trajectories are determined from the electron drift time multiplied by the drift velocity.
The analogue signals from the anode and cathode strips are pre-amplified, shaped, and discriminated with the dedicated readout boards [44] . The discriminators output a high or low level signal by comparing the pulse height of the shaped analogue signal with a threshold voltage. The output of the discriminators are synchronized with a 100-MHz clock. When a trigger signal is provided to the readout boards, the status of the discriminators at every 10 ns is recorded as a function of the clock number for a time window of 10.24 µs. The summed pulse shapes of the adjacent 32 strips (12.8 mm width) are also recorded by 25-MHz flash analogue-todigital converters (FADCs).
The recorded data on the discriminators is equivalent to two black-and-white images with 256 × 1024 pixels. Each image presents particle trajectories projected onto the plane perpendicular to the anode or cathode strips. Examples of the track images of α+ 10 C events are shown in Figs. 3 and 4. The 10 C beam trajectories look horizontal loci in the anode images because the anode strips are perpendicular to the beam axis. On the other hand, they look elliptical shapes in the cathode image because the cathode strips are parallel to the beam axis.
The trigger signal for the data acquisition was generated from the silicon detectors or cathode strips. To suppress the triggers due to the beam particles, the 65-160th cathode strips were excluded from the trigger. This trick inhibits the shaded area in Figs. 3(b) and 4(b) from triggering data acquisition. When the beam intensity was 77 kHz and the gas pressure was at 500 hPa, the trigger rate was 270 Hz, and the live time ratio of the data acquisition was 88%. In addition to the measurement using the 10 C beam, we also performed a similar measurement using the 12 C primary beam to compare the cross section measured by MAIKo with the previous result measured under the normal kinematic condition [38] .
III. DATA REDUCTION
Not only the α+ 10 C scattering events, but also background events were acquired by MAIKo. The background events were mainly caused by 10 C beam particles which invade the cathode trigger region. Scattering from the quenching CO 2 gas also caused the background events. The fraction of the α+ 10 C events in the acquired events was only of the order of 1%. Therefore, the α+ 10 C events must be correctly distinguished from the background events.
The α+ 10 C events exhibit the following two features. First, energy losses per unit length of recoil alpha particles are about 7 times larger than those of 10 C beam particles. Second, because 10 C is much heavier than an alpha particle, 10 C is hardly deflected by the scattering but alpha particles are recoiled at large angles. Therefore, just one trajectory with a large angle from the horizontal line (non-horizontal trajectory) due to a recoil alpha particle should be observed in the anode image as ii) Extract straight lines in the anode and cathode images using the Hough transformation [45, 46] as described in Ref. [39] .
iii) If both the number of straight line in the cathode image and the number of non-horizontal line in the anode image are one, these lines are regarded as the trajectory of the recoil particles.
iv) The hit pixels near the recoil particle trajectory found in iii) are fitted by a straight line in anode and cathode images for a better track determination. vi) From the angles of the straight lines in the anode and cathode images, the polar and azimuthal recoil angles are calculated assuming the beam axis is parallel to the cathode strips. The range of the recoil particle is determined from the distance between the vertex and track end points.
We selected the α+ 10 C events where the vertex point locates between the 33-224th strips in the anode image. Thus, the effective length of MAIKo as a He gas target becomes 76.8 mm.
PID for the recoil particles must be performed. Ranges of charged particles in the gas are proportional to E 2 /(AZ 2 ), and total charges collected by the µ-PIC are proportional to kinetic energies of recoil particles, if the recoil particles stop in the sensitive volume of the TPC. Therefore, PID can be performed from the correlation between the total charge measured with the µ-PIC and the range as shown in Fig. 5(a) .
If recoil particles escape from the TPC and hit the silicon detectors, PID can be performed from the correlation between the charge collected by µ-PIC and the energy measured by the silicon detector as shown in Fig.  5(b) .
In both cases, the loci of the Z = 2 particles are clearly separated from the loci of Z > 2 and Z = 1 particles. We selected the Z = 2 events enclosed by the red solid lines in Fig. 5 . The minimum range for the recoil alpha particle is 25 mm.
If recoil alpha particles stop inside the sensitive volume of the TPC, recoil energies were calculated from ranges in the gas using the SRIM code [47] . If recoil alpha particles hit the silicon detectors, recoil energies were calculated using E α = E Si + ∆E gas , where E Si is the energy measured with the silicon detector and ∆E gas is the energy loss of the recoil alpha particle in the gas. ∆E gas is calculated by integrating dE/dx along the particle trajectory between the silicon detector and the vertex position. Figure 6 shows the reconstructed recoil energy versus the recoil angle in the α+ 10 C events. The red and blue dots represent events in which a recoil alpha particle stopped inside the TPC in the measurements at 500 and 1000 hPa (denoted as "500 hPa event" and "1000 hPa event"), respectively. The green dots represent events in which a recoil alpha particle hit one of the silicon detectors in the measurement at 500 hPa (denoted as "Si event"). With the present measurement, we successfully lowered the detection threshold to 0.5 MeV. This detection threshold is determined by the minimum range of 25 mm defined in the PID procedure. The calculated energies and angles of recoil alpha particles at different excitation energies in 10 C are shown with the solid lines. Excited states in 10 C below the proton emission threshold at E x = 3.82 MeV always decay to the ground state by emitting a γ ray. Since both the incident and scattered particles are 10 C, the energy loss of 10 C per unit length in the TPC gas after the scattering point is almost the same as that before the scattering point. Therefore, thicknesses of the observed horizontal trajectories in the anode image look similar before and after the scattering point as seen in Fig. 3(a) . On the other hand, when the excitation energy is above the proton emission threshold, the excited states immediately decay into 2p + 2α particles. Since energy loss of the 2p + 2α particles is about 1/3 of the incident 10 C, the observed horizontal trajectories after the scattering point look thinner than before the scattering point as seen in Fig. 4(a) . Therefore, inelastic scattering to highly excited states at E x > 3.82 MeV is easily discriminated from the elastic scattering and inelastic scattering to low excited states at E x < 3.82 MeV by using the energy-loss information obtained from the most downstream channel of the FADC for the 1-32nd anode strips. Figure 6 (a) includes all of the α+ 10 C events, while Fig. 6(b) includes the elastic and inelastic scattering events to low excited states selected by the FADC data. Using energy loss information, only lowlying states below the particle decay threshold were successfully selected. In the present work, we focus on the low-excitation energy events. Figure 7 shows the excitation-energy spectrum in the α+ 10 C scattering at E = 68 MeV/u and 6.9
• < θ c.m. < 7.2
• . A prominent peak due to the ground state is observed with a small contribution from the 2 • in sigma, respectively. The excitation-energy resolution is limited mainly due to the angular straggling of recoil alpha particles in the TPC gas. By fitting the spectrum with two Gaussians, the yields of the ground and 2 mined because the contribution of the 2 + 1 state was much smaller than that of the ground state.
The detection efficiency for the present measurement was estimated by a Monte-Carlo simulation. It was assumed that the α+ 10 C scattering occurs inside the sensitive volume of the TPC over the entire solid angle. Primary electrons were generated along the 10 C and recoil alpha trajectories according to the SRIM calculation considering the angular straggling of the recoil alpha particles. These electrons were drifted towards the µ-PIC. The transverse and longitudinal diffusions of the electrons were taken into account. The charge collection rate by the µ-PIC as a function of time was folded by the response function of the readout circuit to simulate the analogue signal from each strip. The simulated signals were virtually processed and the track images were generated. These images were analyzed in the same manner as done for the real data. The number of reconstructed Excitation energy (MeV) events at each θ c.m. and E x was divided by the number of generated events to estimate the detection efficiency. A typical detection efficiency was 31% for the α+ 10 C elastic scattering at θ c.m. = 4.5
• .
Finally, the differential cross sections of the α+ 10 C elastic scattering and the inelastic scattering exciting the 2 + 1 state at E x = 3.35 MeV were obtained as plotted in Fig. 8 . The cross section of the α+ 12 C elastic scattering is also obtained to check the present analysis. The measured cross section is compared with the previous result obtained using a 4 He beam at 96 MeV/u under the normal kinematic condition [38] in Fig. 9 . The present result agrees with the previous result qualitatively but it is systematically smaller than the previous result by 10% in average. The normalization factors for the present result to the previous result at different angles fluctuate ±16% around the averaged value. This is mainly due to the uncertainty of the detection efficiency of MAIKo. Therefore, we added 16% fractional uncertainty to the statistical uncertainty in quadrature in the following analysis.
IV. ANALYSIS
We performed the DWBA calculation with singlefolding potentials in order to extract the neutron transition matrix element M n in 10 C from the cross section of the alpha inelastic scattering to the 2 + 1 state. The phenomenological α-N effective interaction and the groundstate density distribution were determined to reproduce the cross section of the alpha elastic scattering. The DWBA calculations were performed using the computer code ECIS-95 [48] . 
A. Analysis of alpha elastic scattering
The optical-model potential for the α+ 10 C elastic scattering was obtained by folding a phenomenological α-N effective interaction u with the point-nucleon distribution in the ground state ρ(r ′ ):
where r and r ′ represent the position of the alpha particle and nucleons in 10 C, respectively. The phenomenological α-N interaction was parametrized as in Ref. [38] :
The parameters V and W are the depths of the real and imaginary potentials, respectively. β is the densitydependent coefficient of the interaction. α V and α W are the range parameters of the real and imaginary parts.
In the present analysis, we assumed that the real and imaginary ranges are the same (α V = α W = α), and the interaction is density independent (β = 0). It was reported that the density dependent (β = 0) and independent interactions give almost the same cross sections for the 2 section for the ground state [38] . Therefore, we chose the density independent interaction for simplicity.
The point-nucleon distribution of the ground state in 10 C was parametrized using the three-parameter Gaussian (3pG) function:
Here, c, z, and w are the parameters of the 3pG function. The normalization factor ρ 0 is determined so as to satisfy the relation:
where A is the mass number.
In an usual analysis, the density distribution of the ground state is taken from the electron elastic scattering, and only the effective interaction is optimized to reproduce the alpha elastic scattering. However, the density distribution in 10 C is not known, both the effective interaction and the density distribution must be determined simultaneously. Unfortunately, the effective interaction and the density distribution are not fully decoupled in the calculation of the cross section. Especially, the range parameter α in the effective interaction and the radius of the density distribution are strongly coupled, therefore, these parameters cannot be determined uniquely. In the present analysis, α was fixed at 2.13 fm. This value was determined by analyzing the α+ 12 C elastic scattering at 60 MeV/u [49] in the same manner with Ref. [38] .
The interaction parameters V and W , and the 3pG parameters c, z, and w were optimized to reproduce the measured cross section of the α+ 10 C elastic scattering. The obtained parameters are listed in Table I , and the calculated cross section with these parameters is shown by the solid line in Fig 8. The reduced chi-square of the fit χ 2 /ν, where ν is the number of degrees of freedom, is 4.98/5. The standard uncertainties of the parameters in the effective α-N interaction were estimated by varying one of the parameters over the range that satisfies the following relation:
When the uncertainty of one parameter was estimated, the other parameters were freely changed to minimize χ 2 . The deduced point-nucleon distribution of the ground state in 10 C is shown in Fig. 10 . The vertical axis represents ρ(r) multiplied by r 2 . The distribution given by the best-fit parameters in Table I is drawn by the blue solid line with its error band. The error band was calculated by varying the three parameters in the 3pG function simultaneously over the range that satisfies
When the error band was estimated, V and W in the effective interaction were freely changed to minimize χ 2 . ∆χ 2 obeys the χ 2 distribution for 3 degrees of freedom since the 3pG function has 3 independent parameters [50] . Thus, ∆χ 2 is equal to 3.53 at a confidence level of 68.3%. Since the effective interaction and the density distribution were simultaneously optimized to reproduce the measured cross section in the present analysis, the deduced density distribution is associated with the large error band as seen in Fig. 10 .
The density distribution is compared with the theoretical one of the antisymmetrized molecular dynamics (AMD) model [51] plotted by the black dashed line. The present result is consistent with the AMD model. The root-mean-square (rms) radius of the point-nucleon distribution is 2.6 ± 0.3 fm, which is consistent with 2.42 ± 0.10 fm from the proton elastic scattering [14] and 2.52 fm from the AMD calculation, but large compared to 2.27 ± 0.03 fm deduced from the interaction cross section [52] .
B. Analysis of alpha inelastic scattering
The transition potential δU (r) for the alpha inelastic scattering to the 2 + 1 state was obtained by folding the effective α-N interaction u with the transition density δρ(r):
The effective interaction was determined in Sec. IV A, and the transition density between the ground state and 
where δ n(p) is the deformation length for neutron (proton), and ρ n(p) (r) is the neutron (proton) density distribution in the ground state. Assuming that the proton and neutron distributions have the same shape, ρ p (r) = (Z/A)ρ(r) and ρ n (r) = (N/A)ρ(r) were used in the present analysis. The transition matrix elements of neutron (proton) were calculated from the transition densities using the formula:
Since a proton is not a point-like particle in reality, its charge form factor should be taken into account when M p is compared with B(E2; 0
. However, the alteration due to the proton charge form factor is as low as a few percent, and it is negligible compared to other uncertainties in the present analysis. Once we assume a proton to be a point particle, the reduced electromagnetic transition rate B(E2; 0
(2). The proton deformation length δ p was determined so as to reproduce the known B(E2; 0
) value of 44.0 ± 1.5 e 2 fm 4 in 10 C [37] . The neutron deformation length δ n was determined to reproduce the measured cross section of the inelastic alpha scattering as shown by the dashed line in Fig. 8 . The result is δ n = 2.4 fm. From Eqs. (10) and (11), this corresponds to M n = 6.8 fm 2 . The reduced χ 2 of the fitting is χ 2 /ν = 10.9/7. The uncertainty of M n from the procedure to fit the cross section of the inelastic scattering is ±0.4 fm 2 . The uncertainties of the interaction and 3pG parameters also cause an additional uncertainty in M n . This uncertainty was estimated to be ±0.6 fm 2 by propagating the uncertainty in those parameters into M n . The total uncertainty from the procedures to fit the experimental data is ±0.7 fm 2 . In Ref. [38] , the transition matrix elements in stable self-conjugate even-even nuclei were obtained by analysing cross sections of alpha inelastic scattering on the basis of the DWBA calculation with single-folding potentials in similar to the present work. It was found that the matrix elements obtained by the inelastic alpha scattering are noticeably different from the electromagnetic transition matrix elements taken from B(E2; 0
by 17% in the standard deviation. Thus, we adopt 17% as a systematic uncertainty due to the error in the DWBA analysis with single-folding potentials.
Finally, we obtained the M n value in 10 C and its uncertainties as
V. DISCUSSION
The present result of M n is larger than the previous result of M n = 5.51 ± 1.09 fm 2 determined by the proton inelastic scattering [14] . This discrepancy between the present and previous results is possibly because the authors in Ref. [14] used the old B(E2; 0
) value from Ref. [36] . This old value of 61.5 ± 10 e 2 fm 4 is larger than the new value of 44.0 ± 1.5 e 2 fm 4 reported in Ref. [37] . The larger B(E2; 0 Assuming the charge symmetry in the A = 10 system, M n in 10 C should be equal to M p in 10 Be. M p in 10 Be is reported as 6.78 ± 0.11 fm 2 [54] . This value is actually close to the present M n value in 10 C, and thus the charge symmetry in the A = 10 system is almost conserved.
The double ratio (M n /M p )/(N/Z) is a useful probe to investigate nuclear structures [4] [5] [6] . From a naive picture based on the liquid drop model, the double ratio is usually equal to unity. However, the double ratio in 10 C calculated from the present M n and M p values is significantly larger than unity:
(M n /M p )/(N/Z) = 1.55 ± 0.17 (fit) ± 0.25 (sys). (13) The present results are compared with the theoretical predictions by the 2p + 2α four-body cluster model [55] , the no-core shell model [56] , the shell model [57] , and the AMD model [58] in Table II . In the cluster-model calculation, fully antisymmetrized 10-nucleon wave functions were built in a microscopic 2p + 2α configuration space using the Minnesota interaction [59] . The no-core shell model calculation was carried out using the CDBonn N N potential in the basis space up to 8 Ω with the harmonic oscillator frequency of Ω = 14 MeV. The shell-model calculation was carried out within the p shell using the the Cohen and Kurath 2BME interaction [60] . The shell-model transition matrix elements were calculated using single-particle wave functions in the harmonic oscillator potential with b = 1.64 fm and effective charges of e p = 1.3e and e n = 0.5e.
Theoretical calculations systematically underestimates M p and M n except M n calculated by the AMD model. Especially, M p and M n predicted by the shell-model calculation are considerably smaller than the experiment. However, the double ratios from the theoretical calculations are universally larger than unity, and this is consistent with the present result.
The AMD model explains the large double ratio by the decoupling of proton-neutron shapes in 10 C, that is, the oblate proton and prolate neutron deformations with the symmetric axes perpendicular to each other [32] . It was discussed that the 2 + 1 state is built by the collective rotation around the axis perpendicular to the neutron symmetric axis, therefore, the neutron contribution is dominant but proton contribution is effectively suppressed in the 2 + 1 excitation. Similar enhancement of the double ratio in 16 C was reported from the experiments [12, 17] , and explained by the AMD calculation as well.
The large double ratios in 10 C and 16 C can also be interpreted as a consequence of the subshell closure at Z = 6. This subshell closure is suggested by a shellmodel calculation [61] which claims that the energy gap at Z = 6 between the 1p 3/2 and 1p 1/2 orbits in neutronrich carbon isotopes is as large as that at the conventional magic number Z = 8 between the 1p 1/2 and 1d 5/2 orbits.
Recently, a new magicity at Z = 6 in neutron-rich carbon isotopes has been proposed [35] . The proton radii in 14 Be, 12-17 B, and 12-19 C were systematically examined by measuring the charge-changing cross sections on a carbon target. By analyzing these results and considering the previous results on the neighboring isotones, the authors of Ref. [35] found that the proton radii become minimum at Z = 6 in seven isotonic chains from N = 7 to N = 13. This indicates the emergence of subshell closure at Z = 6.
The subshell closure at Z = 6 can naturally explain the unusually small B(E2; 0 18 C, and 20 C reported in Refs. [13, 20, 21, [23] [24] [25] . If the proton shell is closed at Z = 6, the proton transition within the p shell is forbidden at the first order. Therefore, B(E2; 0 [62] . It should be noted that the M n values in 18 Ne- 46 Cr were obtained from the M p values in the mirror nuclei by assuming the charge symmetry but the M n value in 10 C was determined in the present work without relying on the charge symmetry. As seen from Fig. 11 , the double ratios are close to unity when both proton and neutron shells are open. On the other hand, the double ratio becomes away from unity when the proton or neutron shell is closed in 18 Ne, 38 Ca, and 42 Ti. In cases of 18 Ne and 42 Ti (open triangles), neutrons tend to contribute less to the transitions since the neutron shells are closed, whereas in case of 38 Ca (open circle), the proton contribution becomes weak because the proton shell is closed. The double ratio in 10 C is away from unity as much as those in the closed shell nuclei. This demonstrates that the Z = 6 subshell closure observed in the neutron-rich nuclei persists even in the proton-rich side. Alpha elastic and inelastic scatterings from 10 C at 68 MeV/u were measured under the inverse kinematic condition at RCNP, Osaka University. The purity and intensity of the 10 C secondary beam were 96% and 70 kcps, respectively. The recoil alpha particles were detected using the newly developed MAIKo active target system [39] . This system enabled the detection of low-energy recoil alpha particles down to E α = 0.5 MeV, which corresponds to the momentum transfer down to q = 0.4 fm −1 . The excitation-energy resolution was about 1 MeV in sigma, good enough to distinguish the first excited 2 + 1 state at E x = 3.35 MeV from the ground state in 10 C.
The cross section for the α+ 12 C elastic scattering was also measured using a primary 12 C beam at 94 MeV/u. The measured cross section was compared with the previous result obtained under the normal kinematic condition using a 4 He beam at 96 MeV/u [38] , and we confirmed that both results are consistent qualitatively.
The cross section of the α+ 10 C elastic scattering allowed the determination of the phenomenological α-N effective interaction and the point-nucleon distribution of the ground state in 10 C. The rms radius of 2.6 ± 0.3 fm in 10 C is consistent with the theoretical prediction by the AMD calculation [51] and the experimental result of the previous proton elastic scattering [14] , but slightly larger than that deduced from the interaction cross section [52] .
From the cross section of the α+ 10 C inelastic scattering to the 2 + 1 state, the neutron transition matrix element of M n = 6.8 ±0.7 (fit) ±1.1 (sys) was obtained. The double ratio (M n /M p )/(N/Z) = 1.55 ± 0.17 (fit) ± 0.25 (sys) fm 2 is significantly larger than unity, suggesting that the recently reported Z = 6 subshell closure in neutron-rich carbon isotopes [35] persists even in the proton-rich 10 C. The first physics experiment using the MAIKo active target was successfully completed. MAIKo will be employed in various incoming RI beam experiments in the near future.
